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ABSTRACT 

. A mathematical model of the  thermal responses of man i n  space i s  

presented. The model describes the  heat- t ransfer  processes within 

t h e  human body, siroulates the  human thermoregulatory system, and deker- 

mines the  thermal interchange of man with h i s  environment. Any environ- 

ment can be u t i l i z e d  with the model, whether it be deep space or ea r th  

sea leve l  conditions. Space s u i t  and spacecraft  cabin environments 

a re  a l s o  considered. 

The model has the  additional capabi l i ty  of determining the themo- 

physical e f fec t s  of any environment upon a man‘s comfort and well  being. 

The author wishes- to  acknowledge the essis tance of the  J, Be Pierce 

Foundation of Yale University, M r .  James Waligora of the  RASA-MSC Bio- 

zedica l  IPescsrzh &-flee, and J J l an  Chzp-r, of Rine WTversity for 

providing much of t he  basic research upon which t h i s  nodel i s  based. 



This report  describes a model for  the  thermal regd-atory system 

of the human body; par t icu lar ly  i t s  eppl icat ion for use i n  the  severe 

environments' encountered i n  Project Apollo: The report  i n i t i a l l y  presents  

a generalized, simplified view of the model. The basic equations of 

heat t r a n s f e r  a r e  then derived and subsequently, a detai led explanation 

of each of the terms of these equations i s  presented. This includes 

heat generation te rns  (Wf3T, QSHIV), heat removal t e r m s  (GCOND, QCOIW, 

QRAD, QLCG, &SEN, QLAT, QUG), heat storage terms (OSTOR, STCRP-T), 

thermoregulatory control te rns  (SWEAT, QSHIV, DILAT, STRICT), and 

I 

various sk in  temperatures. 

The remainder of the report  i s  a discussion of the enviror iental  

modes of operation considered. 'Ibese include normal sh i r t s leeve  operation, 

operation i n  a spacesuit ( intravehicular  and extravehicular),  and operation 

i n  a post-landing environment. The spacesuit  and sh i r t s leeve  analyses 

may be considered i n  a closed environment such as  a spacecraft cabin, 

or  an open environment such as a f l a t  plain.  The post-landing analysis  

i s  grouped under MISCELLANEOUS CALCULATIONS and t r e a t s  the  problem of 

carbon dioxide, water vapor, and temperature buildup associated with a 

closed cabin having l imited gas flow. 

spec i f ic  equations considered f o r  each compartment of the  himan body. 

The report  appendix contains t h e  



1.0, MODEL OF T7-E TIEERMAL flEC,ULATORY S Y S E V  OF THE HUMAil BODY 

I 

'I%e human body may be considered i n  the same l i g h t  as a heat  

engine. That is, heat i s  produced (WT) by the oxidation or" f u e l  

(food) for energy, and heat i s  diss ipated by conduction, convection, 

rad ia t ion  and mass t ransfer  a t  the skin surfaces.  Heat produced i n  

excess of t h a t  which can be diss ipated w i l l  be stored i n  the t i s sues  

(QSTOR), with a resu l t ing  r i s e  i n  body temperatures, Values of QSTOB 

i n  excess of 400 Btu's a re  equivalent t o  high body temperatures ind i -  

ca t ive  of l i f e  function deter iorat ion.  The heat balance i s  depicted 

i n  Figure 1. 

'The simulation model divides the body i n t o  s i x  elemsnts; head, 

trunk, arms, hands, legs ,  and f e e t .  Each consis ts  of cen t ra l  blood, 

core and/or muscle, and skin nodes. 

partments, each compartment assaned to be a t  a uniform temperature 

and having a d iscree t  temperature d i s t r ibu t ion  (Figure 2) .  

There a r e  fourteen d i s t i n c t  corn-' 

Heat generated i n  each compartment ((@ET) , i s  transmitted by 

convection t o  the blood (&COW), and by conduction t o  adjacent com- 

partments (QCOND) . 
(QSEN),radiation to walls o r  the  s u i t  i n t e r i o r  surfaces (Q,RAD>, l a t e n t  

evaporation (QJAT) , and conduction t o  a thermal undergarment (QUG), 

For skin compartments, convection t o  a gas stream 

ib. 

with se lec t ive  conduction to a l iqu id  cooled garment (QLCG),are a l l  

considered as avenues of heat diss ipat ion.  

*Optional 
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of a 

The geceral  equation f o r  each Compartment i s  w r i t t e n  j n ' t h e  form 

heat balance: Simply: Heat Stored = Heat i n  - Heat cut 

For the  core: (See Figure 3) .- 
-. . 

5 1  

- QCOND - QCONV" [Mass] * [c I d Tcor e 
dt  = QMET core p core 

For the muscle: 1 

. -1 

dTmuscle - + QCOND - QC0ND'- QCOIW' 
d t  . - wTmuscle  

_[Mass1 [ c  1 p muscle 

For the skin: t _ I  

, -. 

[Mass] rc 1 d Tskin = @ET + QCODD' - QCOIW - QPAD- p sk in  d& sk in  

Q S ~  - Q A T  - QLCG * 

The muscle compartment i s  added for regions of the body having 

considerable muscular development. This includes a l l  compartments 

except t he  head. For the  trunk, the muscle compartment i s  sandwiched 

between the  core and the skin. For the extremities (which a re  mostly 

muscle) the muscle compartment replaces *the core. The heat balance 

procedure f o r  each compartment follows the general  guidelines outlined 

above and i s  shown i n  Appendix A. 

~ 

"Option 
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QMET . 
_I_ 

The heat generated by the body (0mT or  HM) consLsts of a basa l  

metabolic r a t e  fo r  each corq'aztrnent and a work r a t e  ova- slnd &OVe 

this,  required f o r  performing every-day tasks .  This excess work i s  

generated i n  the muscle compartments, a d ,  as 8 consequence of the 

relative ineff ic iency of the bcjdy as a heat engine, most of tiie work 

is  lost i n  the form of heat.  That xork which i s  not lost i s  con- 

verted d i r ec t ly  in to  mechanical energy (VI, required.  t o  -perform a .  

given task. Heat may also be generated by shivering. Thus, RM may 

be increased above basa l  (284 Btu/hr) by e i t h e r  i q o s i n g  a work load 

on the muscles o r  shivering. Shiver (&SHIV) i s  zctual ly  a measure 

of the amount of heat t h a t  must be generated metabolically t o  prevent 

bhe body fz-om Losing zoye heat  thzz it i s  producing. 

can only occur i n  cold environments. 

of QSI-IIV. w i l l  be described subsequently i n  ACTIVE CON'IIIOLLm. 

A TMs sf tua t ion  

The mathematical representation 

We Eay now write the expression f o r  exercise rate or work as follows: 

WORK = RM - 284. - U Btu/hr 

This is  the work ac tua l ly  produced i n  the muscle t i s sues  tha t  will 

enter  i n t o  the heat balance (since it i s  a l l  converted to heat ) .  

heat generated by WORK is divided on a percentage basis  among the trunk, 

arm, and l eg  muscle. 

s ign i f icant  source of WORK. 

The 

The extremity muscles a re  not considered as a 
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- MECI#iH.ICAI, T.IORI< EFFICIENCY UEFF 

Mechanica.1- work efficiency (UEFF) i s  defined such t h a t  the  net  

mechanical work prformed by a crewman on h i s  surroundings i s :  

(Rp?I - 284. ) UEFF u = -  
100. 

The t o t a l  basa l  metabolic r a t e  required for  basic  maintenance. of the  

body i s  approximatebjr 284 Btu/hr ~ UEFF, mechanical work efficiency, 

i s  ac tua l ly  a function of metabolic r a t e  and the  type of work being 

done. 



Radial conduction between compartments i s  characterized by heat  

t r ans fe r  between t w o  or three discrete  layers of body t i ssue ,  each 

assmeci t o  be at a uniform tem3eratme. Eeat t ransfer  i s  one 

dimensional and is  likened to conduction through a w a l l .  It is  

assumed t h a t  l a t e r a l  conduction is  negligible.  

Theref'ore, we may write 
L 

KA 
Values of y 
compartments. 

the trunk compartment as follows: 

are  determined empirically f o r  each of the separate 

Tflus, we may f i n a l l y  write the conduction t e r m  f o r  

fo r  trunk core to trunk muscle 
trunk 

QCOND = mcore - Tmuscle 

1 - 7  

f o r  trunk muscle t o  trunk skin 
trunk 

QCom = K (Tmuscle - Tskin 1 
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Heat i s  t rmsmit ted to arid from every- l i v ing  c e l l  i n  the body 

by the bloodstream. With increased metabolism due to work, shivering 

or emotional reactions, blood flow i s  varled from the basa l  r a t e  t o  

provide those t issues  producing addi t ional  energy wit'n an adequate 

fuel supply. 

of waste products t h a t  i s  a consequence of elevated metabolic rates. 

This also serves to carry awqq the increased production 

Since increases i n  QWT occur almost exclusively i n  the trunk, arm, 

and leg  muscle compartments, it is not surpr is ing that increases i n  

blood flow (and thus QCONV) resu l t ing  f rom metabolism increase3 are  

a l so  l imited to these compartments. Q2Ol!W, the t o t a l  heat t ransferred 

t o  the t i s sues  from the bloodstream i s  given as: 

where QCONV i s  the heat transferred from each compartment, i s  the 

blood flow r a t e  t'hrough each coqartment, c i s  the spec i f ic  heat 

of the  blood, Tblood i s  the temperature of the cent ra l  blood pool 

and T i s  the temperature of the individual compartment. Thus, 

P 

for example, we may write f o r  the trwik core: 

core core core - ___- .- - 
It should be mentioned t h a t  the arterial  bloodstream tenperatme 

. _ .  - _I 

is assumed t o  be uniforin throughout the body. That is, a cen t r a l  blood 

pool contacts a l l  t i s sue  compartments. 

oxygenated blood leaves the hear t  and i s  dis t r ibuted t o  the t i s sues  

The speed with which 
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i s  such t h a t  it can be reasonably ass-med to be isothermal. As 

previously mentioned, increases i n  metabolic r a t e  propagate corres- 

ponding increases i n  & 

The blood flow r a t e  t o  the extreni ty  skin compartments can a l so  be 

f o r  the arm,leg, and trunk muscle compartments. 

regulated.  This i s  effected as a r e s u l t  of vasodilation or 

vasoconstriction, ~ J O  of the Bechanisms u t i l i zed  by the themo- 

regulatory system f o r  maintaZning constant deep body temperatares. 

These mechanisms are subsequently described i n  ACTIVE CONTROLEFS.  

ThGs, it can be seen that  blood flow t o  the muscles and skin 

compartments may be varied i n  response t o  metabolic rate and 

environmental conditions, it i s  in te res t ing  t o  note that & t o  core 

compartments remains unchanged,regardless of external  conditions. 

This is  i n  accordance vi th  -the fact that energy requirements of the 

brain, and other v i t a l  organs remain within narrow bounds. 

Consequently, blood flow ra tes  t o  these regions does not  vary 

s igni f i cant l y  . 
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QsEN 
CI 

Heat removal a t  the skin surface occurs by convection, evapora- 

t i o n  of moisture, conduction t o  an undergarment and radiat ion.  Con- 

vect ive heat t r ans fe r  t o  a surrouriding gas'strearn (QSEH) I s  liroited 

due t o  the  l o w  spec i f ic  heat of  oxygen or a i r .  This i s  espec ia l ly  

so i n  a space s u i t  where gas flow r a t e  becomes an addi t ional  l imi ta -  

t i o n .  

stream i s :  

Tfle amount of heat remoyd by sensible convection t o  a gas 

- 
QSEH = h A (Tskin - T ) Btu/kr , 

gas 

where A is  skin compartment surface area,  h i s  the heat t r ans fe r  

coe f f i c i en t ,  and 'i; 

a t i o n  of b and 

be described subsequentiy i n  2.0. 

i s  a mean gas stream temperature. me ev-alu- 
gas 
for sh i r t s leeve  and space s u i t  operation w i l l  

gas 
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Radiation heat transfer from the skin compartments can become 

significant in spacecraft environments. For each skin compartment, 

we deternine : 

where 6 = 1713 x LO-’* 

2 
= radiation area of skin compartment, ft. 

T =  Script F interchange factor 

T . = spacecraft or cabin wall temperature (or suit interior wall 
wall temperature for suited operation) 

0 and T are in R Tskin wall 

The script F interchange factor depends upor? system geometry 

and surface coatings. It will be evaluated subsequently in 2.0. 



The nost s ign i f icant  and controllable 'element t h a t  the  human 

thermoregulatory system. has at i t s  disposal  is the production of 

swea?; . Normally, mder comfort conditions, a r a the r  nominal quazt i ty  

of water evaporates from the skin surface by simple gaseous diffusion 

(QDIF). This will be explsined further in MISCELL4NEOUs HEAT TFUNSFER 

'PATHS. 

bo6y's metabolic processes, and since the p a r t i a l  pressure of water 

Suffice it to say that water i s  a normal by-product of the  
z 

at the  surface of the skin is  usually grea te r  (due t o  these processes) 

than the  p a r t i a l  pressure of water i n  the surrounding atmosphere, 

d i f fus ion  w i l l  occur. However, if metabolism (and consequently heat  

goneration) i s  increased due t o  heavy work loads, e tc . ,  diffusion, 

r ad ia t ion  and sensible convection mzy not be enough t o  d iss ipa te  t he  

excessive production of heat. If this occurs, body t e q x r a t u r e s  

begin to r i s e .  

t h e i r  s e t  point or normal values, cer ta in  geometrically d is t r ibu ted  

sweat g l a d s  pour excess w a t e r  ( resu l t ing  f'rom the increased metabolic 

rate) onto the skin surface (SVFAT). 

If these temperatures increase appreciably above 

The sweat on the surface of the 

skin w i l l  then absorb heat as it evaForates. 

Srr3EAT f o r  each skin coqartment.  

depends upon the temperature d i f f e r e n t i a l  of ce r t a in  c r i t i c a l  body 

tem-peraturesfrom t h e i r  norm values. 

d e t a i l  i n  ACTIVE CONTROLIERS. 

sh i r t s l eeve )  remains within cer ta in  bounds, a l l  of the SWEAT on the 

The model calculates  

It is  a cont ro l  fhnction and 

It w i l l  be evaluated i n  grea te r  

As long as the  environment (sui ted or 

sk in  compartment surface will be evaporated. However, i f  the environment 



is  such tha t  the r c a x i m u a  mount of sweat t h a t  e m  be eva2orated (EIvXX) 

i s  less t h a  the mount  being produced (SWEAT), then the body will 

not be able t o  d iss ipa te  the difference, and consequently, w i l l  s tore  

heat. 

This m a x i m u n  evaporative capacity, EMPX, is  siarply the mass 

trans f e r  eicpres s ion : 

EMAX = hD A(VPP(Tskin) - WB(Tdewe ) )  "104.0, E t u / h r  

where % i s  a mass t ransfer  coefficient,  

A i s  the skin compastrnent =ea, md 

vpp (Tskin) and mp (Tdewe) are  p a r t i a l  vater  vzpor pressures 

evaluated at the skin surface and i n  the gas stream,respectively. 

The evzluation cf l- will be d i s c u s e d  Pa-t;ier In 2. u ,  h "D 



, 

To remove excess heat generated during high work loads, a 

l i q u i d  cooled garment (LCG) has been developed f o r  Apollo astronauts.  

The garment u t i l i z e s  cool water through a network of small tubes 

covering the skin t o  absorb heat and avoid o r  reduce heat storage.  

During extravehicular a c t i v i t i e s  (EVA) , t h i s  mode of heat removal 

i s  the  most s ign i f icant .  The model simulates the LCG heat removal 

(&LCG) by equating water temperature r i s e  across the LCG with heat 

t r ans fe r  from the skin t o  the water. Thus, 
- 

- T  ) B t u / h r  skin water acc -  = -w c (mout - n~. ) = UA(T F i n  

where FlF = LCG water flow r a t e ,  lbs./kz 

C 0 
= Specific heat of l i q u i d  (= 1 for  water), Btu/lb- F 

P 

= water i n l e t  temp. (input),'F 

0 = water ou t l e t  temperature, F TWout 

0 UA = LCG effectiveness (determined empirically), Btu/hr- F 

= Skin compartment temperature, 0 F 
Tskin 
- 

= logarithmic mean water temperature derived t o  be: 
, Twater 

. -- 

The current LCG covers only the trunk, arms, and legs  and i s  

s p l i t  up i n  the model on a percentage water flow basis .  It m y  be 

ca l l ed  as an option i n  the program during shir ts leeve o r  su i ted  

operation . 



In addition, there is  a small subroutine available which simulates 

the subltmtor - l iquid cooled garment interact ion of the Apollo P S S  

( p r t a b i e  l i f e  supF0r-t system). This o9tional routine calculates  the 

LCG i n l e t  water temperature based u p o ~  the maaually selected posi t ion 

of the sublimator diverter  valve. 

minim-m cooling, 240, 30, and 9 

are  passed through the PLSS sublimator. 

For maximumt intermediate, and 

lbs of coolant per hour, respectively, 

A temperature control ler  routine i s  available i n  t h i s  subroutine 

t,o simuzate the subjective response of the crewman to the LCG. 

Specif ical ly ,  i f  the crew shiver r a t e  (&SHIV) exceeds 50 Btu's/'flr, 

t'ne d iver te r  valve i s  operated to reduce flow to the sublimator and 

increase i n l e t  water tenrperature. Conversely, i f  WTOR exceeds 

50 BLu's, flow t o  the sublimator i s  increased t o  lower LCG i n l e t  

temperature. 

' 



NISCEL1,MWXJS HEAT TRbJtSFER PATHS 

I n  addi t ion t o  those modes of heat removal previously discussed, 

t he re  a re  several  addi t ional  methods ‘that the body u t i l i z e s .  

most par t ,  these miscellaneous avenues do not ‘account f o r  much heat 

For the  

removal; however, a t  high metabolic ra tes ,  they may contribute s igni-  

f i c a n t l y  toxards maintaining s t ab le  body temperatures, These paths a re  

described below: 

a. Respiratory sensible loss - convective heat t r ans fe r  through 

the  lungs and respiratory t r a c t .  Determined empirically a s  

QFiSEN = O.O418(Pgas>(l~~)(Rm) ((Tcore + Tcore ) - Tgas) cp 
head trunk 

48.3 (Tgas + 460) 

where ?;gas i s  the mean gas stream temperature near the  head. 

b. Respiratory l a t e n t  loss - evaporative mass t r ans fe r  through the 

lungs and resp l ra tory  t r a c t .  Determined empirically as  

QR = 0.0418(~gas)(l44)(~) ’(VPP ((Tcore + Tcore ) >  - head t runk 
lo. 8VPp( Tdewc ) ) ( 18) (1040) 

(32 1 (%as 1 

c. Skin diffusion - evaporative loss of moisture from the  sk in  by 

diffusion. 

VPP(T&ewc ) ) Btu/hr 

where Tskin i s  the skin cmpartment temperature (or  undergarment tempeaature 

f o r  those compartments covered with clothing).  

Determined empirically as CDLF = 6.66A (VPP(Tskin) - 

I 

b 



The instantaneous thermal disposit ion of the hmaa body is 

evaluated by performing a heat bal-ance on the overa l l  system, 

QLAT That is: 
A 

STORAT = RM f QSHlV - (&EX@ -t WIF' + m' + QESEN f 

t- &LCG i QSEN i U) BtLl/hr 

If STOFLAT i s  posit ive,  the net,  cumulative, instantaneous heat  

t r ans fe r  i s  from the environment to the body. If STORAT is Eegat iw 

the ne t  .heat t raxsfer  i s  from the body to the environment. STORAT 

i s  not t o  be used as a physiological guide for crew condition, but 

only as a means of monitoring the instantaneous direct ion of heat 

t r ans fe r .  When STORAT approaches and comerges ne= zero, the 

crewman i s  assumed to have reached steady s t a t e  conditions. 



Heat prodwed i n  excess of t h a t  which can be diss ipated w i l l  be 

s tored i n  the t i s sues  wLth a re su l t i ng  rise i n  body t e v r a t u r e .  

Heat storstge (QSTOR) i s  calculated according to :  

QSTOR = cc(1) ( T ( 1 )  - TsEr(I)) , BtU'S 
I = all 
body 
compartments 

Where C(1) is the heat capacitance of each body compastment, T ( 1 )  

t h e  compartment temperature, 

compatment temperature. 

i nd ica t e  an interrupt ion of normal prformance. 

p e r f o r m c e  is  l i k e l y  impaired. 

are equivalent t o  high boGy tenperatme o r  moderate fever, i r i th  a 

d i s t i n c t  poss ib i l i t y  of collapse. 

is 

is  the  set point o r  normal ma 'SET(I) 
Values of QSTOR in excess of 300 Btu's 

That is, normal crew 

Values of QSTO2 i n  excess of 400 9tu's 

If QsTOR exceeds 750 B u ' s ,  l i f e  

function deter iorat ion is  advanced, frequently with fatal r e su l t s .  
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QUG . 
LI 

The model accounts f o r  heat which passes through a thermal 

undergarment (QUG). 

subrouDines, the undergment  temperakure i s  determined by balancing 

That is, i n  both the shir ts leeve and sui ted 

heat t ransferred from the skin t o  the undergaxment by conduction 

with hea t  transferred away f’rom the undergazment by radiat ion and 

convection. Spec i f i ca l ly :  

(.T(I) - TUG(I))= QSEN -i- QPAS, KVG 

where I$,G = undergarment conductance. 

For those skin compartments covered by the  undergar-rnent, heat 

a d  m a s s  t ransfer  occurs from the  undergarment t o  the gas stream 

or wall. 

(head, hands, and f e e t ) ,  heat and mass t ransfer  occurs from the skin 

For those skin compartments not covered by the m-derg=nxnt 

d i r e c t l y  to the gas stream or  wall. 
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The body has four primary controllers for maintaining itself in 

a n  essentially isothermal state. 

a. Sweat production. 

These are: 

b . Shivering. 

c. Vasodilation 

d. Vasoconstriction 

*.NOTE: 

control are highly empirical. 

The equations describing active human thermoregulatory 

The state of the art is such that 

these equations are especially subject to change. 
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Active sweating i s  i n i t i a t e d  when a l l . o t h e r  mechanisms of heat 

rerriovaf 8re  insuf f ic ien t  for  d i ss ipa t ing  metabolic heat production. 

A s  body temperatures r i s e  and heat  storage '(Q,STOR) increases,  tem- 

perature  sensors i n  t he  skin and the  hypothalamic region of the bra in  

de tec t  deviations and ac t iva te  the  sweat glands. It i s  not surpr is ing 

then, t h a t  the equation describing the control of sweat i s  a function 

of the  pos i t ive  deviation a4 t he  head core, muscle, and skin compart- 

ment temperatures from t h e i r  normal o r  s e t  point values. 

J. B. Pierce Laboratories has empirically described sweat production 

In  f ac t ,  

( C K ( 1 )  ( T ( 1 )  - TSET(1) -+ 
x he ad 

as: S tEAT = 73.4814 (T - T ) core core s e t  

CK(J)(T(J) - TSET(J) ) ), ~ t u ' s / h r  I = a l l  skin compartments 
J = a l l  muscle compartments J 

where the  K ( I ) ' s  and K ( J ! ' s  a r e  constar?ts based on the we5ghted  mss 

Of 

t i ons  greater  than zero. 

c3QW3rtrent. The equation is only val id  for pos i t ive  devia- 
e 

Furthermore, i f  the  head core (hypothalamic) 

s i g n a l . i s  zero, sweating i s  terminated throughout. 
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QSHIV ' 

Active shivering i s  analagous but exactly opposite t o  sweating. 

The body shivers t o  e f fec t ive ly  increase metabolic r a t e  i n  order t o  

compensate for excess heat loss. The QSHIV s igna l  i s  i d e n t i c a l  t o  

the  SFTEAT s ignal ,  except i n  the opposite direct ion.  Again, all 

deviations l e s s  than zero a re  cancelled out. Hence: 

QsHIV = 73.4814 (T  - T  1 
head core s e t  core 

+ Z . K ( J )  (TSET(J) - T(J))), Btu'slhr 
J = a l l  muscle compartments 



D I U T  ' 

Vasodilation i s  the  control led enlargement or d i l a t i o n  of blood 

vessels  t o  the extremeties (skin compartments). I n  a hot environment, 

the  body attempts t o  del iver  more blood from the c r i t i c a l  deep t i s sues  

t o  the  less  im2ortant extremeties. By increasing blood flow t o  t h e  

skin compartments, more heat is car r ied  away from the muscle and core 

compartments. Tbis has the e f f ec t  of maintaining s tab le  deep body 

temperatures while elevating skin temperatures. 

peratures ,  i n  t u r n ,  ac t iva te  o r  increase the ShEAT mechanism. It 

The high skin tem- 

i s  reasonable then, t h a t  the vasodilation control ,  act ivated when 

the body i s  s tor ing  heat, i s  influenced by the same fac tors  as the  

SWEAT mechanism. I n  f a c t ,  vasodilation has been empirically deter-  

mined t o  be: 

DILAT = SWEAT/4 lbs/hr 



STRICT 

Vasoconstriction is the controlled constriction of blood ves- 

se ls  to the muscle and skin compartments in order to conserve heat 

in the critical head and trunk core regions. In a cold environ- 

ment, the body attempts to maintain normal core temperature in 

the  head and trunk at the expense of all other regions. The 

vasoconstriction mechanism does not require a head core s igna l  

does vasodilation. The assumption is t h a t  the body would like 

as 

to 

prevent shivering at all costs. Thus, blood flow to all muscle 

and skin compartments is restricted in an attempt to maintain an 

isothermal head core temperature and avoid shivering. Vasoconstric- 

tion is empirically determined to be: 

STRICT = . o q 6 i  (z K(I)(TSET(I)- T(I) 
I = all skin compartments 

+ >K(J)( (TSET(J)-T(J))) lbs/hr 
J = all muscle compartments 
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2.0' MODES OF OPEEATION 
1 

2.1 Si-IIfiTSLEEVE: MODE 

Subroutine SE'kT considers a man i n ' a  spacecraft ,  o r  f o r  t h a t  

matter, any environment, veaxing an undergarment with var izble  

propert ies .  

Figure 4. 

or  read i n  from a table .  

thermal environment i s  s t r i c t l y  input. The man model is broken up 

i n t o  t he  usual number of compartments, with each compartment s e e k g  

the  same environiient . 

Tne heat transfer paths axe shown schemt ica l ly  in 

me cabin or environmental conditions may be constant 

For the shir ts leeve mode, the human 
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QS EN 
I_ 

The convective heat t r ans fe r  Tor each skin conpartment i n  the  

s h i r t s  3. e eve e rivironme n t i s  calculated from: 
-I- 

€@EN = .0212*ACE(I) * (PCAS * VCAB)* .5*-(TLJG(I) - -“CAB) 

f o r  forced convection, ar?d 

WEN = .c6 * ACE(I) * ( P C ~  ** 2 x- G *- AES(TUG(I )  - TCAB)) +H .25 

* (TUG(1) - TCAB) 

f o r  f r e e  convection. 

Both of these expressions a re  derived f r o a  an analysis  of f l o w  

perpendicular t o  a v e r t i c a l  cylinder,  u t i l i z i n g  the  dimensions of 

t he  average astronaut ,  Expressions resu l t ing  from evaluation of 

flow p a r a l l e l  t o  a f l a t  p l a t e  a re  not appreciably d i f f e ren t .  For 

environments i n  a grav i ty  f i e l d  (G7O),the l a r g e r  of forced or Tree 

convection coef f ic ien ts  i s  used t o  calculate  WEB. 

‘NOTE: Equations using the  symbols * for mult ipl icat ion,  

i n  Fortran.  
f o r  exponentiation and / for divis ion a re  wr i t ten  



E M R X .  
II_ 

?the maximT& evaporative capacity i n  the  sh i r t s leeve  mode, 

EM?., i s  calculated fo r  each sk in  compartment from: 

ENAX = .126 *A ACE(I)  j(- ((TCAB + 460.) -?Mc 1.04) * 
VEFF/100 * SQRT (VCAB/PCAB) * (VPP(TUG(1) - VPP (TDEW)), Btu's/hr 

for forced convectio?. 

and 

m = 1.32 * ACE(I) * (TCAB + 460.) * (VPP(TUG(I)- - 
VPP(TDE5d)) *(PCAB * G *-(ABS( ,QO5#PCABn (TUG( I) - TCm) i 

1.02 * (VPP(TUG(1) - VPP(TDEN))))*-*- .25/PCAB, Btu's/hr 

for f r e e  convection. 

Both of these expressions a r e  derived by applying the heat-mass 

t rzmfer  a~elagy t o  the v e r t i c a l  cylinder model discussed previously. 

Again, fo r  environments i n  a grav i ty  f i e ld ,  (G>O)  t he  l a rge r  of t he  

t w o  mass t ransfer  coef f ic ien ts  i s  u t i l i z e d  t o  ca lcu la te  EMAX. 



Radiation heat t ransfer  f o r  each skin compartment i s  calculated 

i n  subroutine SHIRT by: 

QRAD = .I713 - 8 * AHE(I) x. * (TUG(I))+ 460,) ** 4 - 
(TW + 460,) JCSC 4) , 3tu1s/hr 

where ";f- = EUG 3. VF 

EUG = uridergarment ea&jsivity 

W = v i e w  fac tor ,  body t o  cabin 

This expression i s  derived from analysis or' one gray body 

completely enclosillg another with the enclosing surI"ace area (xall)  

much la rger  than the enclosed surface area (man). 



2'2 S U I T E D  XODZ 

The space s u i t  i s  t reated i n  much the same maaner as i s  the 

mat is ,  it i s  divided i n t o  compartments, one s u i t  compartment m. 

f o r  each skin compartxlent. This is  i l l u s t r a t e d  in  Figure 5 .  

There are several  modes of space s u i t  operation that are 

considered. These are as follows: 

1. EVA 

2. IVA 

3. Helmet o f f  

4. Purge f l o w  

The EVA mode i s  u t i l i zed  during extravehicular a c t i v i t y .  Suit 

i n l e t  gas from the ap@icable environmental colltrol system ( currently,  

the PUS) enters  the s u i t  d d  is diverted to the helmet through a 

duct. 

with 75$ going to the arms and hands and 25% t o  the legs and f ee t ,  

where it is  collected i n  ducts and passed out of the s u i t .  The 

The f l o w  then passes to the trunk area and i s  then s p l i t ,  

f l o w  paths ase shown i n  Figure 6. 

The IVA o r  intravehicular mode f o l l o w s  'the same path as the  

EVA mode, except the f l o w  is  i n i t i a l l y  s p l i t  between the  h e h e t  a d  

trunk as it enters  the s u i t .  

flow, while the legs and feet receive 40%. 

schematically i n  Figure 7. 

"he armsand hands receive 6 6  of the 

The f l o w  path is shown 



, Tfie helmet off iuode is shown in Figure 8, Flow is reversed 

. so that it is directed into the ducts, over the extremities, and 

out of the hehet neck ring. 



. P&ge flow operation is utilized when dry  ventilation gas enters 

%he suit, and i s  not to be recirculated. The pwge option can be used 

with any of the three suited modes. 
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Figure 6 - Extravehicular Operation 
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. .  

The'heat transfer paths for 3 su i ted  crewman w e  considerably 

more ccmplex than those f o r  a sh i r t s leeve  crewman. They are  shorn 

schematically i n  Figure 9. ??le s u i t  i n l e t  .conditions are constant, 

o r  may be read i n  from a table .  Por the suited mode, Yfie t ' s r e r m d  

environment i s  calculated, based on s u i t  i n l e t  conditions and the 

pas t i cu la r  crew tasks being considered. That is, the h l e t  conditions 

for each s u i t  compartment depend U ~ O E  the  o u t l e t  conditions from the 

previous compartment i n  the appropriate f l o v  path (Figure 6> '7, or  8 ) .  
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QlEN .- 
Convective heat t ransfer  f o r  each skin compartment i n  the  sui ted 

environment is  calculated from: 

QSEN = FC(I)i(WG(I) - E(1) ), B t I l ' s / h r  
_ _  

where FC = .134 * WG*Ki/3* AC(1) 
. -  

.$,t-G is the gas flow ra te ,  i.n lbs/hr and 

TG(1) i s  the log mean gas t e m p r a t m e  f o r  each compartment, 

The heat t ransfer  coeff ic ient  ( F C )  i s  determined by considering 

flow thkough a duct. This yields  r e s u l t s  t h a t  correspond wel l  with 

tes t  data.  The log mean gas temperature, TG(I), i s  a complex 

logarithmic expression tha t  is  calculated by considering heat 

transfer from two f la t  surfaces ( s u i t  i n t e r i o r  and skin)  t o  an 

elemental volume of flowing gas. Specifically,  

TG(1) = TM(1) - (TM(1) - TGIN(I))+WG(I) * CPG/(2. * FC(1)) 
* (1. - EXP (-2. * FC(I)/(WG(I) * CPG))) , 0 F 

where TM(1) = (TUG(1) + TIS(1))/2. 

Thus, the ou t l e t  gas temperature f o r  each suit compartment i s  a 

function of &SEN and a l so  QISG, t he  convective heat transfer Tram 

the inside s u i t  surface t o  the gas stream. 

Accordingly, we can write f o r  each s u i t  compartment: 



This.expression i s  solved f o r  the gas stream ou t l e t  temperature, 

T W U T ( I ) ,  and th i s ,  i n  turn,  is  s e t  equal t o  the gas stream i n l e t  

temperature for  the next s u i t  compartment i n  the appropriate gas 

flow path. 
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The naximm evaporative heat  capacity for the  su i ted  mode, EIVTPX, 

Ts calculated f o r  each skin coqartment; by; 

Btu ' s/hr 
where RMIX i s  the gas constant and 

p H ; z O I ( I )  is  the water vapor p a r t i a l  p re s swe  i n l e t  t o  each 

s u i t  corrpartment ( i n  ps i a  ) 

The maximum water vapor p a r t i a l  pressure o u t l e t  f o r  each s u i t  

compartment, moo(r), is equal to tize i n l e t  p a r t i a l  pressure plus 

t h e  max imum quant i ty  of water evaporated i n t o  the gas stream by 

uass t ransfer ,  l a t e n t  resp i ra t ion  and d i f f 'us io i .  The per t inent  

equation f o r  convective mass t ransfer  i s  a complex logarithmic 

expression %hat considers mass t r ans fe r  from an elemental area of 

one surface ( sk in)  to a flowing gas. 

Specif ical ly ,  f o r  each coqartnrent; 

FH200(I) = PH201(1) + (VPP(WG(1)) - PHX)I(I)) * 
(2 .  - M P  (-CKP * PG * ACE(1) * 144./(Rviic * WG(1) * (TG(1) + ,46OJ))),: 

CMT i s  the  mass t r ans fe r  coeff ic ient  determined to be: 

Cm = (.OM66 * WG l / 3  * (TG(1) -f 460.) ** 1.53)/PG 

The mass t r a n s f e r  coef f ic ien t  i s  calculated by applying 

heat  - mass t r ans fe r  analogy t o  the heat  t r ans fe r  expression 

flow through a duct. Agzin, t h i s  gives reasonable agreement 

the 

f o r  

wit'n 
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t e s t  data. The mass t ransfer  i s  considered to r e s u l t  from the 

d i f fe ren t ia , l  between the water vapor pressure evaluated at skin 

temperature and a log mean gas stream partial pressure, derived in 

much the  same manner as the log mean gas temperature 'descr ikd 

.. -previously. As i n  the heat t ransfer  analysis,  the  gas f l o v  path of' 

the  appropriate sui ted mode i s  u t i l i zed .  The o u t l e t  p a z t i a l  pressure 

of one s u i t  compartment i s  equated t o  the i n l e t  p a z t i a l  pressure of 

the next s u i t  compartment i n  the flow path. 

the ac tua l  p a r t i a l  pressure i n  each s u i t  compartment (versus the 

However, to dete-rmine 

maximum), the calculated value of EMAX i s  cornpazed with SEAT. The 

minimum of these two quant i t ies  i s  added t o  l m g  respfrat ion,  skin 

diffusion, and the  i n l e t  p a r t i a l  pressure t o  determine thz correct  

It should be noted t h a t  both skin diff'usion and lung 

resp i ra t ion  u t i l i z e  the p a r t i a l  pressure calculat ions described above. 



W D .  
c_ 

Radiation heat t ransfer  for  each skin coqa r t aen t  is  calculated 

i n  subroutine SUIY’ by: 

QRAD = .17ip-Q * w.(I) *“;it- * ((TJG(I) +- 460.) +k 4 - (TIS(I) + 460.)**4) 

Where 41- is the Interchange factor  for  one gray body c o q l e t e l y  sur- 

rounding another gray body of s i m i l a r  surface zrea.  

space su i t  surrounding a man,  

For the case of a 

(EUG * EIS) / (EIS + EUG - EUG * EIS) 

The radiation heat leak of the crewman t o  the inside s u i t  

surface is ,  of comse, limited by the mount of radiat ion t h a t  caz 

ac tua l ly  get through the s u i t  and in to  the environment. 

say, <ne net  radiation heat t ransfer  from the m a n  t o  ‘;he suit In te r lor  

depends upon the s u i t  i n t e r i o r  surface temperature. This, i n  turn,  

depends upon the net  heat  leak through t’ne suit. 

That is  t o  

Consequently, we 

need t o  consider a l l  fac tors  affect ing s u i t  i n t e r i o r  surface terapera- 

ture .  

from the outer s u i t  surface t o  the environment (QOSW and QOSA), and 

convection from the inner s u i t  surface t o  the suit gas stream (QISG). 

In addition t o  &RDID, t h i s  a l so  includes radiat ion and convection 

The appropriate equations f o r  each compartment are: 

QOSW = .1’(13 E-8 * ARSuT(1) * 7 * ((TOS(1) * 4-60.) 

4 - (TW +- 460.) e 4) , B t u ’  s/hr 
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for a su i ted  crewman si tuated i n  an enclosed cabin; or 

QOSW = .I713 E-8 * EOS -X- ARSUT(1) % (TOS(1) + 460.) x* 4)  

- QASRB(1) * ARSUT(I), Btu's/hr 

for a lunar surface or EVA case where absorbed heat, Q+GRB(I},is 

known. 

QOSA = .0212 * (PCAB * V C A ~ )  ++ .5 * ACSUT(I) 5- (TOS(I) - TCAB), 

B t u  ' s/hr 

and f i n a l l y ,  

QISG as  given previously i n  2.2.2. 

A heat balance i s  performed on the outei- and lnncr s u i t  slx-feces 

u t i l i z i n g  the above t e r m s .  .The resu l t ing  equations permit coroputation 

of TIS(I) and QRAD. Specif ical ly ,  

= K * ACSUT(1) (TIS(1) - TOS(1)) - (QOSW -+ &%A) 
L 

and 

ws * CFS (TIS(I)I - TIS(I)) = QRAD - QISG - K * ACSUT(I) * 
2. * DTIMF: L 



where K, WS, CPS, and L a r e  space s u i t  p rope r t i e s  and TOS(1)' and 

TIS(1)' a r e  outer  and inner  s u i t  su r f ace  temperatures computed a f t e r  

each t ime  incre:nent DTIME. 
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3.0 MISCELLAmOUS C ~ X ~ I T I O B S  

I n  addition t o  the operational- modes described i n  Sections 2.1 

and 

(C02) concentration i n  the space sui t  helmet, and carbon dioxide, 

humidity, and temperature levels i n  a pos t - l ad ing  or sealed 

environment. Carbon dioxide, w a t e r ,  and heat are generated by the 

2.2, the model has the capzbi l i ty  of coqu t ing  carbon dioxide 

crew i n t o  a closed environment. This closed environment may be a 

space s u i t  or a spacecraft of var iable  volume. 

flow through the closed environment ( if  my) ,  a l l  three was-le products 

will build UT -lo soEe steady s t a t e  leve l ,  me humidity and tempera- 

ture determinations i n  a space s u i t  have already been described. 

Depending upon the 

!%e ~cs-L-lmcE~g m.cl h e k e t  CO malpes  ?re >resented, alone with 

t h e i r  per t inent  d i f feyent ia l  equations, i n  Figures 10, 11, m d  l2. 

As i n  a11 previous t ransient  calculations,  the program u t i l i z e s  a 

2 

forward difference procedure with time increment DTLW. 
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m = mass of e a b h  gas 

c = ~ p c i f i c  heat of gas, ~ k i J / l b  - OF 
TIN = G a s  i n l e t  temperature 

& = G a s  flow through cabin, lbs/hr 

NUMEN = Nm-ber of men i n  cabin 

Tw = W a l l  Temperature 

= Volume (pcAB/(Rmx (TCm + 460.)) , 1bs 

9 

= Heat t ransfer  from cabin gas t o  w a l l  - As(TCAB - nf), Btu/hr QWkL 
1 - As = Cabin in t e r io r  surface area 

h - F l a t  p la te  heat t r ans fe r  coefficient = (.0212) ( P  CAB 
( G )  AES(TCAB - TW))4=free 

2 forced convection; = (.06) (P~, 
convection f- 

= Heat added t o  (removed f r o m )  gas stream as a r e s u l t  of 
water condensing (reevsporating) on the  w a l l  = 

QCONDNS 

1.04 % = F l a t  p la te  mass t r ans fe r  coefficient = (.l5) (TCm + 460. ) 
.I 

PH20m ) ) )* - free convection 

FIGURE 10 +ABS denotes absolu te  va lue  
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H2° OUT 

d€L,O 

I . .  ' 1 

"2' IN 

L %mNT QCOXDNS 
DTIME = H2°m + NmvEN r " --mm-- - H2°0uT 

H2O = lbs  of water i n  cabin 

'2'1ilT 
QCofDNs 

= Lbs of wzter/hr i n t o  cabin 

Lbs/'nr of vat& condensed (reevaporated) onto w a l l s  1040.= 
= 

= H,O 

L~S/I-E of water out of cabin H2°0uT 

CFM c 

Cabin Volume 

C F M  = Volumetric flow through cabin, ft3/min 

lbs 5 0  

lbs gas 

Cabin dewpoint is then determined from phychrometric charts. 

FIGUEE 11: 



. .  

c02 OUT 

-I- l r n J E N  (METABOLIC cod - co2 L 

= eo2. IN 
D!rDE 

= Atmosphere C02 (or helmet in le t  C02 level), lbs/hr c02 IN 

Metabolic C02 = (.000189) RM, lbs/hr 

(CFM> Ibs/hr 
- - c02 c02 OUT 

'OLWcabin or 
helmet 

FIGURE 12 



pJ?PEi;fnIx A 

Ex-plamtion of Subscri2ts 

For ;ari&les concernins the body (T, BY, g.m, ';lc 

6 )  

1 = head core 

2 = hezd skin 

3 = T d c  core  

4 = Trunk muscle 

3 = T& skin 

6 = hm'nuscle 

7 = Pm skin 

8 = Rand Iriusc1.e 

9 = Emd skin 

10 = Ieg nuscle 

11 = Leg skin 

12 = Foot nuscle 

13 = Foot skin 

14 = Central blood 

1.5 = Average skin 

16 = Average muscle 

For variables concernin#g the garment and suit (WG, TIS, TOS, TG, @XG, 

E, FR) 

1 = Trunk zone 

2 = Arm zone 

3 = Leg zone 

4 = Head zone 

5 =.Hand zone 

6 = Foot zone 
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Temperature of the Head Core 

T ( 1 )  = T(1) + DTD43 x- (@.IET(l) + QCON(1) - QLAT(1) - QcOND(1) - QFSEITl) co 

QImT(1) = 49.2823 

QLAT(1) = 0.5 .3(- 0.0418 * PCAB * lkIi.O/(48.3 * (ICAB -f- 460.0)) * SKI * 
VPP (T(1) + T(3))/2.0) - 0.8 * VPP (TDDJC) * ((18.0 * 1040.0)/ 
(3210 * PCAB) ) For sh i r t s leeves  and helmet off 

or QJAT(1) = 0.5 * O.0418-* E * 144.0/(48.3 * (TG(4) i- 160.0)) * FM * 
(VPP ( ( T ( 1 )  + T (3))/2.0) - 0.8 * ((PH201(4) + AMINI 

(PH2.04, PI-1200(4)))/2.0)) * ((18.0 % l C h O , O ) / ( 3 2 . O  3 TG)) 

For normal sui ted I V A  ar,d EVA modes 

QCONq(1) = BF(1)  * (T(14) - T(1)) 

QCOrJD(1) = 5.798 *- ( T ( 1 )  - T(2)) 

Q,RSERl = For normal sui ted N A  arid EVA modes 

0.5 * 0.0418 + FG * 144.0/(48.3 * (TG(4) + 460.0)) * RM * 
( ( ( T ( 1 )  -f- T(3))/2.0) - T G ( 4 ) )  * CPG 

= For sh i r t s leeves  and helmet of f  

0.5 * 0.0418 * PCAB * 144.0/(48.3 * (TCAB + 460.0)) * RM * 
( ( ( T ( 1 )  -f- T(3))/2.0) - TCAB) * CPG 

Central  
Blood 

(Convection) 
Lungs 

(Evaporation 
and resp i ra tory  6, ~ 

sens ib le  ) 
&METO 1 

Conduction t o  
Head Skin \ 



3 

Conduction Frorn Core 

Ia ten t  &at 
To Air Convection fron 

Blood 

Convection t o  Air. 

or 
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Temperature of the Trunk Core 
. .  

I 

T(3) = T(3) -I-.M'D'E *- (QMET(3) - QCOniV(3) + QLAT(3) - QCOJXD(3) - &RSE1?3 
-33 

W T ( 3 )  = 179.3576 

QfiAT(3) = 0.5 * 0.0418 s- PCAB * 144.0/(48.3 * (ICAB f 450.0)) * P&I * 
VPP ( T ( 1 )  + T(3))/2.0 - 0.8 * VFP (TDEGJC) 

(3210 * pCA3) )  

((18.0 * 1040.0)/ 
For sh i r t s leeves  and helmet off 

or QLAT(3) = 0.5 * 0.418.X FG *- 144.0/(48.3 x- (TG(4) -t b60.0)) * RM ++ 

VPP ( ( T ( 1 )  $- T(3))/2.0) - 0.8 * ( ( P E O I ( b )  +- AMINI 

(PH204, PEOO(4)))/2.0)) * ((18.0 * 1040.0)/(32.0 * E)) 
For normal sui ted IVA and EVA modes 

= For sh i r t s leeves  and helmet off  

0.5 * 0.0418 * PCAB * 144.0/(48.3 * (TCAB f 460.0)) * Fa * 
( ( (T(1)  -F T(3))/2.0) - TCAB) * CPG 

Convection from Blood  
L 

TRUNK CORE 

W T ( 3  1 
( ~ u n g s  Evaporation 6- 
and Respiratory 
Sensible ) 

I I V 
Conduction t o  Muscle 
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Coniiuction from Core 

Convection from 
Blood 

1 Conduction t o  Skin 



Temperature of the Trunk Skin 

c ( 5 )  = 2,8216 

C$OTJD(h) = 29.759 ( T ( 4 )  - T ( 5 ) )  

~ m ~ ( 5 )  = 2.0236 

QJAT(5) = QDIF(5) + PJ-ENl (0.6 -X- SJZAT, E24AX(5)) 

C&Ol?V(5) = BF(5) x- ( T ( 1 h )  - T ( 5 ) )  

QSEN(5) = HC X- TUG(1) - TCfiS For shir ts leeves 

E ( l ) - X - { T U G ( l )  - TG(1-)) For suited 

QRAD(5) = €151 -x- (ZGG(1) - TW) , For shirtsleeves 

FR(1) x- ((TUS(1) +- 460.0) ** 4 - (TIS(1) i- h.60.0) -E* 4) 

For sui ted mades 

Conduction from TrwiL, l<uscle 

S K I N  Convection <- 
Lo A i r  

-> k t e n t  Re3,t 
Lo A i r  

~ Conduction t o  

i LCG (o$tim) 

QRAD f r a  Elood 
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c(G) = 8.753 

Qmr(6 )  z- 6.19 + 0.19 f. (!J!OPt + Q S I I V )  

Q c 0 ~ ( 6 )  = BF(6) Q (T(14) - T ( 6 ) )  

QClOXIl(6) = 9.699 * (T(6) - T ( 7 ) )  

- Ccnveciion f roa 
Blood 

\k 
Conduction to Arm Skin 
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QSEX(7) = HC * (TUG(2) - TCAB) For shirt  sleeves 

= K(2) * ( T U G ( 2 )  - TG(2)) For suited modes 

For shirtsleeves Q@&D(7) = HR * (TUG(2) - TI?) 
= FR(2) * ((TUG(2) +- 460.0) *% 4 - (TIS(2) + 460.0) x* 4) 

For suited mdes 

Conduction from A m .  Muscle Convection -0 

&RAD 

Lr 
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c (a j  = 3.2184 

@mi(S) = 2.30111 

QCORV(8) = BF(8) 3 (T(14) - T ( 8 ) )  

~coi \m(8)  = 6.7149 X- (T(8) - T ( 9 ) )  

Convect ion 
from Blood 

conduction 
To Hand Skin 



For suited xdes 

QUG(5) = 0.0 

Conduction from H a 6  Core 

Convect ion 
t o  Air 

Latent Heat to 
Air 

Convection 
Blood 



QcOIKD(l0) = 9.435 * (T(1O) - T(11)) 

Convection frcm Blood 

+ Conduction t o  
Ieg Skin 



Convection -+ 
from Blood 

Leg Skin -3- 
Qrn  (11) 

Conduction t o  LCS 



c(12) = 6.2925 

@IET(12) = 4.5235 

QCOFV(12) = BF(12) 3 (T(14) - T(12)) 
G O N D ( 1 2 )  = 4.766 s- (T(12) - T(13)) 

Convect ion 
Blood 

froa 

4 
Conduction t o  Leg SAin 
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FC(6) * (ru~(6) - TG(6))  For sui ted xodes 

~ ~ a ~ ( l 3 )  = HE? x- (TdG(6) - TIT) For shir ts leeves 

m(6) * (TUG(6) * 460.0) ** 4 - (TIS(G)+h60.0)~+ 4-) 

For suited modes 

Q l x G ( 6 )  = 0.0 

Conduct ion from Ehscle 

Convection from Blood 

Convectiqn t o  A i r  

I .1 
QmD hter i t  Heat t o  A i r  



C$O€W(I) = ET;'(I) % (T(14.) T ( 1 ) )  

EF(1.) = 103.897 

EF(2) = 2.647 + 0.036 ++ DILAT 

BF(3) = 503.013 

BF(4) = 22.062 + QET(4) 
ljF(5) = 2,2062 i 0.3 * D I M  .. STRSC 

BP(6) = 6.G18 + C$ET(6) + B2(9) - 3TRIC 

BF(7) = 1.103 + 0.2 3- DILU .. STRE 

B F ( ~ )  = i.103 - STRIC 

BY(9) = 8.822.L f- 0.1 * DILU - aS!XtC 

BF(10) = 17.649 + QJ.EQ(I-0) f BT(l-3) - STRIC 

BF(11) = 2.206 + 0.294 -X- DILm 1 STT(TC 

BF(12) = 2.206 - STRIC 
EF(l3) = 6.618 + 0.05 + D I N  - STRIC 

8 
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